Doppler ultrasound recordings of mitral, tricuspid, aortic, and pulmonary flow velocities, and their variation with respiration, were recorded in 12 patients with a restrictive cardiomyopathy and seven patients with constrictive pericarditis. Twenty healthy adults served as controls. The patients with constrictive pericarditis showed marked changes in left ventricular isovolumic relaxation time and in early mitral and tricuspid flow velocities at the onset of inspiration and expiration. These changes disappeared after pericardiectomy and were not seen in patients with restrictive cardiomyopathy or in normal subjects. The deceleration time of early mitral and tricuspid flow velocity was shorter than normal in both groups, indicating an early cessation of ventricular filling, but only patients with restrictive cardiomyopathy showed a further shortening of the tricuspid deceleration time with inspiration. Diastolic mitral and tricuspid regurgitation was also more common in the patients with restrictive cardiomyopathy. These results suggest that patients with constrictive pericarditis and restrictive cardiomyopathy can be differentiated by comparing respiratory changes in transvalvular flow velocities. In addition, although baseline hemodynamics in the two groups were similar, characteristic changes were seen with respiration that suggest differentiation of these disease states may also be possible from hemodynamic data. (Circulation 1989;79:357-370) T he differentiation between constrictive pericarditis and restrictive cardiomyopathy is often difficult by clinical examination as well as with hemodynamic studies. Although elevated and "equalized" diastolic pressures that demonstrate a "dip and plateau" pattern at catheterization suggest a constrictive process, restrictive cardiomyopathy may show similar findings. Furthermore, diastolic pressures may not be equalized in patients who have constriction when additional cardiac pathology is present.1-4 In a patient with constrictive pericarditis, we noted a striking respiratory variation in early mitral and tricuspid flow velocities recorded by Doppler ultrasound. To assess the possible diagnostic value of this finding, transvalvular flow velocities were recorded with respiration in patients with constrictive pericarditis, stud-
T he differentiation between constrictive pericarditis and restrictive cardiomyopathy is often difficult by clinical examination as well as with hemodynamic studies. Although elevated and "equalized" diastolic pressures that demonstrate a "dip and plateau" pattern at catheterization suggest a constrictive process, restrictive cardiomyopathy may show similar findings. Furthermore, diastolic pressures may not be equalized in patients who have constriction when additional cardiac pathology is present.1-4 In a patient with constrictive pericarditis, we noted a striking respiratory variation in early mitral and tricuspid flow velocities recorded by Doppler ultrasound. To assess the possible diagnostic value of this finding, transvalvular flow velocities were recorded with respiration in patients with constrictive pericarditis, stud-ies both before and after pericardiectomy, and the results were compared with those found in patients with restrictive cardiomyopathy and 20 healthy adults who sewved as a control reference group.
Hemodynamic data from the patients with constrictive pericarditis and restrictive cardiomyopathy were also compared.
Methods

Subject Groups
Seven patients (mean age, 52±11 years) with a history of long-term peripheral edema and elevated central venous pressure were determined to have constrictive pericarditis (constrictive group) after diagnostic evaluation. The diagnosis was confirmed at surgery, and after pericardial stripping, all patients showed a marked improvement in hemodynamic and clinical status, which was maintained on longterm follow-up. The etiology of the constrictive process was unknown in three patients, whereas two patients had previous cardiac surgery and two had previous radiation therapy. Five of the patients with constrictive pericarditis had repeat echocardiographic studies after surgery (postoperative group).
Twelve patients (mean age, 49±16 years) were determined to have a restrictive cardiomyopathy (restrictive group). Part of the Doppler findings in these patients have been reported in previous studies. [5] [6] [7] However, except for mitral deceleration time, respiratory changes in Doppler parameters were not described in these reports. In this group, care was taken to include only patients who had a combination of echocardiographic,h,9 hcinodynamic, 2 Figure 2 shows the mean values for respiratory variation from expiration to inspiration in ventricular and pulmonary wedge pressure in the two groups. In patients with restrictive cardiomyopathy, systolic pressure decreased in both ventricles with inspiration, and the respiratory variation in diastolic left ventricular and pulmonary wedge pressure was similar, as shown in Figure 3 . Consequently, the diastolic pressure gradient from the pulmonary veins to the left ventricle remained relatively constant throughout the respiratory cycle. In contrast, as shown in Figure 4 , in patients with constrictive pericarditis, the peak systolic pressures in the ventricles changed in opposite directions with respiration; the right ventricular systolic pressure increased with inspiration while left ventricular pressure was simultaneously decreasing. In addition, the respiratory variation in pulmonary wedge pressure was larger than in left ventricular diastolic pressure, resulting in a decrease in the pressure difference from the pulmonary veins to the left heart on inispiration and an increased difference on expiration. Tables 2 and 3 and Figure 5 show the mean values for the mitral and tricuspid flow velocity variables for apnea, inspiration, and expiration and the percent change from expiration to inspiration in both groups of patients and in normal subjects. In Figure  6 , individual values for the respiratory variation in isovolumic relaxation time and early mitral and tricuspid flow velocity (expressed as a percent change from apnea) are shown for each of the patients in the restrictive and constrictive groups. In patients with restrictive cardiomyopathy and in normal subjects, respiratory variation in left ventricular isovolumic relaxation time and peak early mitral flow velocity was minimal (mean, < 5%), with no individual showing a greater than 15% difference between inspiratory and expiratory values. In contrast, in the patients with constrictive pericarditis, a 6 ).
Mitral anid Tricuspid Flow Velocities
As shown in Figure 7A , the timing of the respiratory changes in mitral flow velocity was charac- Although patients with restrictive cardiomyopathy had minimal variation in mitral flow velocity with respiration, characteristic Doppler findings were also seen in these patients. As illustrated in Figure  8, 05----n-1-------p ( 0-5----- Diagnostic Sensitivity As shown in Figures 5 and 6 , the variation from expiration to inspiration in left ventricular isovolumic relaxation time and early mitral flow velocity appeared to best separate the patients with constrictive pericarditis from those with restrictive cardiomyopathy. In patients with restrictive cardiomyopathy, no individual had more than a 15% respiratory variation in these variables (and usually much less), whereas patients with constrictive pericarditis all had a greater than 25% respiratory variation in these variables. The absolute respiratory change in tricuspid flow velocity in the two groups appears less reliable with some overlap in the two groups being present; however, more than a 10% decrease in early tricuspid flow velocity on the first beat of expiration (compared with apnea) was seen only in the patients with constrictive pericarditis (Figure 6 ).
Hemodynamic Correlation With Doppler Patterns
Previous studies in animals14,15 indicate that the primary determinant of early mitral flow velocity is the pressure gradient from the pulmonary veins (left atrium) to left ventricle in early diastole. The data from this study suggests that respiratory induced changes in this pressure gradient is a key factor that helped distinguish the patients with constrictive pericarditis from those with restrictive cardiomyopathy. As shown in Figure 4 , all seven constrictive patients showed less respiratory variation in left ventricular diastolic pressure than in pulmonary wedge pressure. This appeared to result in a reduction in the early diastolic transmitral pressure gradient with inspiration and likely explains the later mitral valve opening, longer isovolumic relaxation time, and a decreased early mitral flow velocity that was observed at that time in the constrictive patients. The increase in isovolumic relaxation with inspiration appears to be due to a decrease in left atrial pressure at the time of mitral valve opening and probably does not indicate a change in the rate of left ventricular relaxation or other diastolic properties. A reduced respiratory variation in intracardiac pressures has been reported in constrictive pericarditis1'2,6 and has been attributed to the effect of the pericardial scar in preventing full transmission of changes in intrathoracic pressure to the cardiac chambers. In the patients with restrictive cardiomyopathy, the respiratory variations in pulmonary wedge and left ventricular diastolic pressures were approximately equal (Figure 3) , and there was minimal variation in isovolumic relaxation time and early mitral flow velocity. The min- -9+3 IVRT, isovolumic relaxation time; M1, TI, mitral and tricuspid flow velocities in early diastole; M2, T2, mitral and tricuspid flow velocities at atrial contraction; Mdt, Tdl, mitral and tricuspid deceleration times; n, total number. a, apnea; e, expiration; i, inspiration. Ao, peak aortic flow velocity; COPD, chronic obstructive pulmonary disease.
Values are mean±SD. *p<0.05 versus COPD.
imal variation in these Doppler variables in the normal subjects also suggests that respiratory changes in these pressures are similar and "track" each other throughout the respiratory cycle.
Proposed Pathophysiology
If constrictive pericarditis is thought of as a disease process in which ventricular filling is limited by a relatively fixed cardiac volume,216 then an expiratory increase in left heart filling would likely be associated with a simultaneous decrease in right heart filling. This ventricular coupling was reflected in the patients with constrictive pericarditis in this study by the reciprocal relation seen in ventricular dimensions, peak systolic pressures, ejection times, and aortic and pulmonary flow velocities. In the patients with restrictive cardiomyopathy, the markedly shortened mitral and tricuspid deceleration times indicate that a premature cessation of ventricular filling is present,5 but the lack of respiratory variation in left heart Doppler variables and relative decrease in mitral and tricuspid flow velocity with atrial contraction suggest that this phenomenon is due to a different process than that present in constrictive pericarditis.
We hypothesize that the differences in Doppler findings observed in the two groups are a result of different pathophysiologic mechanisms that exist in these disease states. In constrictive pericarditis, left ventricular chamber compliance is likely normal at the beginning of diastole, but there is a limitation to cardiac filling that includes both the atria and the ventricles. With total cardiac volume fixed by the pericardium, an increase in filling on one side of the heart will likely impede filling on the other side through displacement of the interventricular septum and ventricular interdependence. 16 However, blood from the atria can be shifted to the ventricles with atrial contraction because total cardiac volume does not increase. In contrast, in restrictive cardiomyopathy it is a marked decrease in left ventricular chamber compliance (most likely due to increased myocardial stiffness) that limits cardiac filling. The abnormal impedance to ventricular filling increases throughout diastole and leads to a reduction in the proportion of filling with atrial contraction and, ultimately, atrial enlargement and failure. With inspiration and an increase in venous return, the right ventricle moves to a steeper portion of its pressurevolume relation, and a larger and more abrupt rise in early diastolic pressure occurs (the rapid filling wave) with a corresponding inspiratory shortening of the tricuspid deceleration time. Because of the lack of pericardial constraint and a relatively noncompliant interventricular septum, there is less ventricular interdependence and inspiratory effect on left ventricular filling.
In patients with restrictive cardiomyopathy, a greater reduction in ventricular, compared with atrial, compliance also may have caused ventricular pressure to increase faster than atrial pressure in early diastole and may possibly explain why diastolic mitral and tricuspid regurgitation was seen more frequently in the patients with restrictive cardiomyopathy. In constrictive pericarditis, atrial and ventricular compliance in mid-diastole and late diastole are likely determined by the pericardium and a more equal pressure increase in the two chambers with diastolic filling might be expected.
Other Disease States With Transvalvular Flow Velocity Variation
Increased respiratory variation in both mitral flow velocity and in left ventricular dimension has been reported in patients with chronic obstructive pulmonary disease.10 In this study, comparing only the difference between the largest and smallest values for peak early mitral flow velocity in some patients with obstructive pulmonary disease gave values for respiratory changes as large as those seen in patients with constrictive pericarditis. However, by recording respiration together with the flow velocities, the timing of the flow velocity variation in relation to the respiratory cycle was seen to be distinctly different in the patients with obstructive pulmonary disease. In these patients, the lowest mitral flow velocity was often seen on the second or third beats of inspiration, and the highest mitral flow velocity was often seen late in expiration. Perhaps more striking, early tricuspid flow velocity usually continued to increase throughout inspiration and did not decrease below apnea values on the first beat of expiration ( Figure 5 ). This suggests that there is less limitation to cardiac filling in obstructive pulmonary disease and that a different pathophysiologic mechanism is present that results in increased respiratory flow velocity variation. Similar respiratory changes can be seen in patients with marked obesity. We have also observed an inspiratory decrease in mitral flow velocity in patients with acute right ventricular dilatation due to right ventricular infarction or large pulmonary emboli, but in these patients, early cessation of tricuspid flow indicates restriction to ventricular filling is present.
Comparison With Previous Studies
Previous studies have shown that there is minimal respiratory variation in left ventricular dimension and isovolumic relaxation and ejection times in normal adults '7"18 and Five of the 12 patients with restrictive cardiomyopathy in this study were cardiac transplant recipients. Although cardiac transplant patients have not classically been associated with this disease state, these patients had clinical, hemodynamic, pathologic, and Doppler findings similar to those reported in other patients with a restrictive process,34-37 and two such patients have undergone retransplantation for irreversible "diastolic" heart failure. A reduction in diastolic left ventricular compliance has been shown in transplant recipients during acute rejection38 and in some transplant patients during exercise39 and after volume loading.40 In the present study, there were no statistical differences in either the Doppler or hemodynamic data in the cardiac transplant recipients compared with the rest of the patients with restrictive cardiomyopathy. Similarly, excluding these patients from analysis did not change the results. This suggests that the marked decrease in ventricular compliance in the transplant recipients had the same physiologic effect as more traditional restrictive processes and that these patients may represent an important new group with this disorder.
The reported incidence of pulsus paradoxus in constrictive pericarditis varies widely. 41, 42 In this study, no attempt was made to standardize respiratory effort in the patients or the normal group. It is notable that despite the increased respiratory variation in mitral and aortic flow velocities and left ventricular ejection times in the patients with constrictive pericarditis, only three of seven patients had pulsus paradoxus at catheterization. The relation between the Doppler and hemodynamic correlates of pulsus paradoxus will require further investigation.
Patients with constrictive pericarditis secondary to radiation therapy present special problems because they may also have a coexistent restrictive process. A restrictive process may be suspected when there is marked shortening of the deceleration times with further shortening on inspiration and with diastolic mitral or tricuspid regurgitation.5 In addition, the recording of venous flow velocities with respiration may help in recognizing that both conditions are present. 43 Similarly, patients with "effusiveconstrictive" disease44 may present special diagnostic problems that may require serial studies as the effusion resolves.
In this study, diastolic flow into the pulmonary artery was recorded in both patients with constrictive pericarditis and restrictive cardiomyopathy and did not help in the differentiation between the two. Presystolic pulmonary valve opening has been described previously in other patients with constrictive pericarditis. 45 All patients with constrictive pericarditis in this study were in normal sinus rhythm. What effect the presence of atrial fibrillation or other arrhythmias have on the findings reported in this study is presently unknown. Similarly, the effect of ventricular pacing and mitral and tricuspid regurgitation on the Doppler variables measured in this study are possible confounding variables. A recent study47 has demonstrated that right ventricular pacing decreases the rate of left ventricular relaxation and early diastolic filling. However, it seems unlikely that pacing would affect respiratory changes in transvalvular flow velocities. In patients with rapid heart rates or first-degree atrioventricular block, an analysis of the mitral flow velocity pattern may not be possible if atrial contraction occurs in close proximity to mitral valve opening so that a passive filling phase is not distinctly present.
Doppler Methods
The movement of valvular structures in relation to the Doppler ultrasound sample volume with respiration should be observed because this may result in spurious changes in flow velocities, but such changes are not accompanied by alterations in left ventricular isovolumic relaxation or ejection times. For measurement of the deceleration time, pulsed wave technique should be used and the position of the sample volume standardized because sample volume posi-tions at the anulus can give lower velocities48 and different deceleration times than a position between the leaflet tips. Deceleration time was measured instead of deceleration slope because it is independent of velocity. Continuous wave technique is not adequate for these recordings and always gives longer deceleration times than pulsed wave technique. For recording diastolic regurgitation, the sample volume should be clearly on the atrial side of the valve to avoid eddies on the ventricular side that may appear as reversal of flow.
Conclusion
In patients with constrictive pericarditis, an increased respiratory variation in early mitral flow velocity is seen, which is not present in patients with restrictive cardiomyopathy, and makes differentiation between the two groups of patients possible. Patients with other diseases also may show an inspiratory decrease in mitral flow velocity, but these patients can be differentiated from those with constrictive pericarditis by the absence of reciprocal changes in ventricular filling, which indicates a limitation to total cardiac filling is present.
